There has been considerable recent interest in vaccination of patients by immunotherapy as a potentially clinically useful methodology for combating histopathological changes in Alzheimer's disease (AD). The focus of the majority of this research has been on (1) active immunotherapy using the pre-aggregated synthetic b-amyloid (Ab) 42 preparation AN1792 vaccine (QS-21), or (2) passive immunization using injections of already prepared polyclonal anti-Ab antibodies (intravenous immunoglobulin). These two clinical approaches to the treatment of patients with AD represent the focus of this review. We conclude here that, with certain caveats, immunization offers further potential as a technique for the treatment (and possible prevention) of AD. New studies are seeking to develop and apply safer vaccines that do not result in toxicity and neuroinflammation. Nevertheless, caution is warranted, and future clinical investigations are required to tackle key outstanding issues. These include the need to demonstrate efficacy in humans as well as animal models (especially with respect to the potentially toxic side effects of immunotherapy), and fine-tuning in safely guiding the immune response. The issue of defining necessary and sufficient criteria for determining clinical efficacy remains an additional important issue for future immunization trials. The vaccination methodology appears to offer substantial current promise for clearing both soluble and aggregated amyloid in AD. However, it remains to be determined whether this approach will help to repair already damaged neural systems in the disease, and the extent to which vaccination-driven amyloid clearance will impact beneficially on patients' neurocognitive capacity and their functional status. The outcomes of future studies will be important both clinically and scientifically: an important further test of the validity of the amyloid hypothesis of AD is to evaluate the impact of an effective anti-amyloid strategy on the functional status of patients with this disease.
Background
Vaccination has been established as a valuable clinical prevention method for over 200 years. Jenner developed the first effective vaccine against smallpox (the only disease to be eliminated by modern medicine) in the late eighteenth century, whereas in the nineteenth and twentieth centuries effective vaccines were developed against rabies and polio that have effectively neutralized these illnesses worldwide. Treatment with antibodies has also proven effective in autoimmune illnesses such as multiple sclerosis, indicating that a degenerative disease of the central nervous system (CNS) may be tractable to vaccination. By contrast, current pharmacological treatments for Alzheimer's disease (AD) provide modest symptomatic benefit for some patients, but do little to slow disease progression. 1 Consequently, there has been considerable recent interest in immunotherapy as a potentially useful clinical methodology for combating histopathological changes in AD. Within this field, there has been interest-inter alia-in monoclonal antibody therapy, cytokines, memapsin 2 antibodies, the sendai virus vector, b-amyloid (Ab) phagocytosis through microglia, phage therapy, catalytic autoantibodies, immunomodulatory drugs, a-synuclein antibodies, prion-mucosal therapy, DNA vaccines, 'snapshot' antibodies, immunoconjugates and chimeric proteins. However, the majority of recent research into potential vaccination therapies has focused on (1) active immunization using the pre-aggregated synthetic Ab1-42 preparation AN1792 vaccine (QS-21) or (2) passive immunization using injections of already prepared polyclonal anti-antibodies (for example, intravenous immunoglobulin, IVIg). These approaches represent the focus of this review, concentrating on the potential clinical efficacy of immunotherapy for sustaining neurocognitive capacity in AD patients.
The rationale underlying those AD immunization studies conducted to date has been based on the influential 'amyloid hypothesis' of AD, which hypothesizes that an imbalance in the production (and subsequent accumulation and aggregation) or clearance of Ab1-42 is the major cause of neuronal loss and dysfunction underlying dementia of the Alzheimer type. 2 From a scientific perspective, the field of immunotherapy offers the potential to provide important information concerning the validity of the amyloid hypothesis of AD. In addition, amyloidrelated ante-mortem diagnosis using clinical techniques such as PIB-PET has the potential to offer further valuable information concerning the amyloid hypothesis of AD pathophysiology. 3 Moreover, there is now significant evidence that amyloid deposition initiates the hyperphosphorylation of tau. This process represents the pathophysiological mechanism underlying the formation of neurofibrillary tangles-an additional pathological hallmark found among degenerating neuronal cells in AD. 4 Considerable evidence has accumulated indicating that Ab is neurotoxic, and that its accumulation initiates a cascade of events that ultimately lead to synaptic failure and neuronal death. 5 In addition, it has been suggested that there is defective innate immunity to Ab in AD. 6 A number of risk factors have been associated with increased incidence of AD, including genetic status (for example, possession of the APOEe4 allele), type II diabetes, cardiovascular factors (such as hypertension), sedentary lifestyle, head injury, female gender, dietary cholesterol and reductions in endogenous hormones (such as estrogen and testosterone) that regulate Ab metabolism. 7, 8 A common feature with respect to these risk factors is that they are associated with increased levels of Ab in the brain, offering further support for the association between Ab and AD. 9, 10 The amyloid hypothesis underlies many current drug development initiatives for AD. These initiatives are becoming increasingly important, as the burden of AD reaches an estimated 4.5 million individuals in the United States (with the cost of the disease considered to be approximately $US100 billion annually). However, a critical test for the validity of the amyloid hypothesis is whether these anti-amyloid strategies (which remove amyloid from the CNS) improve cognition and functional status in AD patients. An anti-amyloid vaccine that is safely able to clear amyloid plaques in AD would likely represent a major development, both clinically and scientifically. Such a vaccine would not only offer potential utility as a treatment, but it would also enable us to gauge empirically whether the accumulation of Ab in the AD brain is more likely to be (1) a key pathogenic agent of the disease or, alternatively, (2) a by-product with limited causal significance. The findings of such studies alone will not necessarily be definitive in this regard. However, immunotherapy studies are likely to offer valuable information with respect to the pathophysiological mechanisms underlying AD. Indeed, if future clinical trials continue to completion, they may offer both a direct therapeutic evaluation of the amyloid hypothesis in AD patients, and a potentially effective clinical treatment for the disease.
It has been reported that immunization with the pre-aggregated synthetic Ab 42 preparation AN1792 vaccine (QS-21) reduces Ab plaque burden (and associated astrogliosis and neuritic dystrophy) and preserves cognitive functioning in several different transgenic mouse models. [11] [12] [13] [14] [15] [16] Moreover, data have been published showing that immunization can encourage endogenous neurogenesis in AD transgenic mice. 17 The behaviors measured in these studies tapped improved reference memory for a hidden platform in a water maze 12 and enhanced performance on the radial arm water-maze test of working memory. 13 However, there is a considerable gulf between neurocognitive capacity in humans and other animal species, not least because of the major role played by language in mediating high-level human cognitive functioning. 18 Furthermore, animal models do not mimic AD with respect to amyloid clearance: vaccination of animals removes foreign (that is, human) amyloid whereas vaccination in humans targets endogenous amyloid deposits. Therefore, it is critically important to evaluate efficacy of immunotherapy on neurocognitive symptoms in human patients: this issue represents the focus of this review.
If immunotherapy were to be effective in humans, administration of a vaccine should halt or at least slow cognitive and clinical decline in human patients. The mechanisms underlying the beneficial effects of immunotherapy observed in animal models remains poorly understood. However, it has been suggested that the efficacy of immunization with AN1792 in the PDAPP mouse model supports this approach as a potential therapeutic strategy for the treatment of Ab deposition in AD patients. Nevertheless, studies with humans to date remain somewhat equivocal, not least with respect to the findings obtained from a large multicenter phase II clinical trial conducted over the past several years. 19 Of relevance here may be the observation that tissue amyloid plaque immunoreactivity (TAPIR; which correlates with stabilization of cognitive decline in human AD patients) may be somewhat limited in those animal species used in laboratory investigations (nonhuman primates, other mammals) that lack spontaneously preexisting amyloid plaques. 20 We therefore focus here on investigations of the impact of immunotherapy on Ab levels and neurocognitive status in AD patients, considering findings obtained from both 'active' and 'passive' forms of immunotherapy. (In active immunotherapy, the onus is on the immune system to create antibodies of its own in AD, whereas in passive immunotherapy, a preprepared injection of antibodies is administered to AD patients).
Active immunization
In April 2000, a phase 1 clinical trial investigating a synthetic preparation of the potential therapeutic agent Ab42 (AN1792) was conducted across four sites in the United Kingdom. This was a randomized, multiple-dose, dose-escalation, double-blind trial (sponsored by É lan-Wyeth) that evaluated 80 patients with mild-moderate AD. The initial findings were promising. There were few adverse effects, a possible improvement in one of the clinical measures and demonstrated immunogenicity of the compound. The trial was then extended to phase IIa in October 2001, involving some 30 centers in the United States, Europe and United Kingdom. However, the trial was halted by the sponsors in January 2002 after four patients developed meningoencephalitis. After the trial was halted, it was determined that 18 patients in total (6%) had developed meningoencephalitis, all of whom were in the active treatment group. Despite this outcome, there have been a number of further papers reporting the clinical, cognitive and neuropathological consequences of AN1792 treatment. These are summarized below.
Gilman et al. 19 reported an analysis of the phase IIa immunotherapy trial of AN1792 (QS-21) in patients with probable mild to moderate AD. In this trial, 300 patients diagnosed with AD received the active AN1792 treatment (that is, 0.5 ml intramuscular injection of 225 mg Ab42 with 50 mg QS-21 adjuvant), whereas 74 AD patients received saline placebo. The original protocol involved six injections over a 12-month period, with (1) cognitive change, measured using the Alzheimer's Disease Assessment ScaleCognitive Part (ADAS-Cog), Mini Mental State Examination (MMSE) and a Neuropsychological Test Battery (NTB), and (2) change in whole-brain volume using serial magnetic resonance imaging (MRI) designated as the two main outcome variables, along with safety and tolerability assessment. The immunogenic response to AN1792 treatment was measured by enzyme-linked immunosorbent assay in blood serum and cerebrospinal fluid (CSF), whereby responders were defined as patients who developed a serum AN1792 immunoglobulin G (IgG) titer of X1:2200 at any time point after the initial injection.
The findings of the study demonstrated that patients can respond to immunization through increasing antibody titers to Ab antigens, and provided some suggestion that vaccination might improve aspects of cognition. However, similar to the reports of an earlier investigation undertaken by Orgogozo et al., 21 the study conducted by Gilman et al. 19 was terminated prematurely because of a significant adverse event: subacute aseptic meningoencephalitis (a serious sign of CNS inflammation) was observed in 6% (n = 18) of patients immunized with AN1792. It appears that this reaction may have been because of the activation of cytotoxic T cells and/or to autoimmune reactions. Furthermore, it has been reported that of the patients who developed meningoencephalitis in the study conducted by Gilman et al. 19 several of these individuals sustained long-term cognitive and/or neurological deficits. It appears likely that the incidence of encephalitis was linked to the vaccination protocol, as encephalitis had not been observed previously in post-mortem AD tissue before this trial. Notwithstanding this issue, the study conducted by Gilman et al.
19 generated some other interesting findings. Specifically, of the 300 patients with diagnosed AD that were treated with AN1792 (QS-21) in this study, it was reported that 19.7% developed the predetermined antibody response to Ab antigens. There were no significant differences between antibody responders and placebo groups on the cognitive and clinical measures that were used in this study (ADAS-Cog, Disability Assessment for Dementia (DAD), Clinical Dementia Rating scale, MMSE or Clinical Global Impression of Change, CGIC). However, antibody responders had a slower rate of decline in terms of their score on the nine-item composite NTB compared to placebo patients (although it should be noted that only a relatively small number of participants in the trial completed the full NTB). More specifically, among those patients reported by Gilman et al. 19 who did manifest an immune response, individuals who produced relatively high levels of antibodies to Ab antigens achieved better results in terms of their memory capacity (based on a composite score) than did those individuals who produced lower levels of antibodies to Ab antigens. (There was, additionally, some indication of a doseresponse relationship.) This is an especially interesting finding, given the identification of memory dysfunction as an early stage feature of AD. 22 Overall, higher IgG antibody titers were associated with greater improvements from baseline for the (1) overall composite neuropsychology z-score, as well as for the (2) memory, (3) immediate memory and (4) delayed memory composite neuropsychology z-scores. In addition, in the small subset of subjects who received CSF examinations (n = 11 antibody responders and n = 10 who received placebo), CSF tau was shown to be decreased from baseline in antibody responders. Gilman et al. 19 cautiously interpreted their overall findings as indicating that AN1792 (QS-21) antibody responders had a slower rate of neuronal death and cognitive decline, compared to those individuals receiving placebo.
A major surprise in the outcome of the clinical trial of AN1792 came from the subsequent neuroimaging findings, as reported by Fox et al. 23 The focus of this component of the investigation was to assess MRI-derived cerebral volume changes (as a biomarker of disease progression) in patients immunized with AN1792. It was noted in this study that rates of brain atrophy measured by serial MRI increased successively from first symptoms through mild cognitive impairment to diagnosed AD. However, using planimetry with rigid and fluid registration to measure brain volumes, Fox et al. 23 reported that AN1792-treated patients who were identified as antibody responders to Ab antigens manifested (1) greater brain volume decrease over the course of treatment, (2) greater ventricular enlargement as a percentage of baseline brain volume and (3) a nonsignificant greater hippocampal volume decrease than placebo-treated patients.
These findings were contrary to predictions. However, increased titer-related losses in brain volume among antibody responders were not reflected in worsening cognitive performance among these individuals. 19, 23 These investigators concluded that there was a dissociation between brain volume loss and cognitive function in AN1792/QS-21 antibody responders; that is, whereas brain volume decreased in antibody responders to Ab antigens, cognitive functioning actually improved. The opinion of Fox et al. 23 is that the mechanisms underlying this dissociation remain unclear, but they include the possibility that the observed brain volume changes were because of (1) amyloid removal both within brain parenchyma and within the CSF, 24-26 together with (2) possible cerebral fluid shifts. Fox et al. 27 have presented further analyses of their own data set, with evidence for cortical and medial temporal lobe gray matter volume losses after treatment with AN1792/ QS-21, but relative preservation of brain stem and cerebellum. The authors also noted that although serial MRI used to track progression of atrophy in AD represents an objective and powerful measure, a number of (1) technical hurdles and (2) questions regarding interpretation of findings present themselves when MRI is used in multicenter clinical trials.
The neuropsychological findings presented by Gilman et al. 19 and Fox et al. 23 are significant, not least because they suggest that in-depth, quantitative neuropsychological testing may be more sensitive to the effect of immunotherapy than other forms of functional assessment (with the latter exemplified, in these studies, by the ADAS-Cog, DAD, Clinical Dementia Rating scale, MMSE or CGIC). Detailed, standardized neuropsychometric measures may therefore represent more accurate measures of cognitive and functional change subsequent to AD immunotherapy, when compared with the nonstandardized questionnaires and screening instruments that are often used as the outcome variables in many clinical trials. These questionnaires and screening instruments typically manifest lesser objectivity, test-retest reliability, and construct and predictive validity than quantitative, standardized neuropsychological measures. This is of especial concern when it is considered that such nonstandardized questionnaires and screening instruments (yielding qualitative rather than quantitative findings) are also used by many bedside clinicians as a central element of their diagnostic decision-making.
The phase IIa immunotherapy trial of AN1792 (QS-21) was interrupted because of meningoencephalitis in a proportion of immunized patients. As previously noted, both central activation of cytotoxic T cells and autoimmune reactions have been proposed as potential mechanisms underlying toxicity of AN1792. Neuropathological investigations were undertaken in two of the AN1792 patients affected by meningoencephalitis reported by Nicoll et al. 24 and by Ferrer et al. 25 These investigations revealed the presence of an unusual form of meningoencephalitis and leukoencephalopathy in these patients. Although amyloid plaques were sparse or absent throughout areas of the neocortex in these two patients (suggestive of favorable clearance of Ab), other hallmarks of the AD brain, including cerebral amyloid angiopathy and neurofibrillary tangles, were identified in the CNS in these individuals. In addition, T lymphocytes and macrophages were present in the white matter of the brain in these two patients. 24, 25 The case report from Nicoll et al. 24 was of a patient treated with AN1792 in whom a high Ab load was found in widespread brain regions. Specifically, the cerebral cortex of this patient contained concentrations of cerebral amyloid angiopathy similar to levels found in advanced AD. In this patient, the Ab load in the medial frontal gyrus was as high as in advanced AD, and Ab plaques were numerous in the basal ganglia and cerebellum. Commenting on these findings, Robinson et al. 28 argue that it is difficult to envisage how AN1792-induced serum antibodies to Ab could have resulted in the selective clearance of plaques from some areas of neocortex yet spared the very high densities of Ab that were observed in most other brain regions in this patient (including extracortical Ab plaques).
In addition, in a single case study, Masliah et al.
26
reported a detailed investigation of a patient with AD without encephalitis who was immunized with AN1792. No amyloid plaques were noted in the frontal cortex in this case. Abundant Ab-immunoreactive macrophages were noted, but neurofibrillary tangles and amyloid angiopathy were also present, indicating ongoing pathology. In this patient, the white matter appeared normal, and minimal lymphocytic infiltration of the leptomeninges was observed. However, related considerations to those raised by Robinson et al. 28 are again relevant when seeking to interpret these findings: according to Masliah et al.,
AN1792-induced serum antibodies apparently resulted in the selective clearance of some forms of amyloid in this patient whereas other signs of ongoing AD pathology continued to be present. It is important to note that these reports [24] [25] [26] present data obtained from only a small number of patients treated with AN1792. Moreover, a major shortcoming of the above studies is that (using the methodology that was employed in these investigations) it was not possible to determine the level of brain amyloid in these particular patients before the onset of treatment.
Future studies employing amyloid imaging (for example, PIB-PET) before and after treatment for AD should provide more definitive insights into the role of immunotherapy in the clearance of cerebral Ab.
As already noted, the main AN1792 study was discontinued due to issues of safety and tolerability after the patients with encephalitis were identified. However, further empirical investigations have subsequently been conducted, to examine longer-term sequelae of active immunotherapy. A year later, a follow-up study was conducted by Hock and colleagues to assess ongoing safety of the AN1792 vaccine. 29, 30 Of 30 patients studied, it was found that in patients who developed antibodies against Ab deposits (n = 20), AD appeared to have stabilized clinically and functionally, rather than progressing (as might have been expected) over the 12 months of the followup. Furthermore, this apparent stabilization was noted in two (out of the three) treated patients who had previously developed encephalitis. It has therefore been suggested that patients with high levels of Ab antibodies following treatment with the AN1792 vaccine were essentially protected from disease progression over the 1-year follow-up of the study. Nevertheless, this conclusion must be qualified by the consideration that the follow-up study 29, 30 included only 10% of the patients who had taken part in the original vaccination trial. Moreover, these supplementary findings do not indicate the level of putative brain tissue protection over the 1-year follow-up, as might have been revealed through neuroimaging investigations. If observed, the latter could represent central evidence for a true disease-modifying therapy.
Hock et al. 30 further considered the cognitive performance of AD patients in the phase IIa trials who had acquired high antibody titers against Ab. They reported that over the 12-month follow-up period, a 'control' group (with no detectable Ab antibody titer; N = 9) underwent a mean decline on the MMSE of 6.3 points. By contrast, Hock et al. report that the high Ab antibody titer group (N = 19) declined by only 1.4 points on the MMSE over this same time period. However, Robinson et al. 28 have noted that all of the high Ab antibody titer patients cited by Hock et al. 30 were concurrently treated with acetylcholinesterase inhibitors. (This is an important consideration, because acetylcholinesterase inhibitors have been shown to slow the rate of cognitive deterioration in AD-as evaluated on the MMSE-to a mean decline of 1.5 points after 1 year of treatment. 31, 32 ) It should further be noted that the MMSE was one of the tests that failed to show significant antibody-related differences in test performance in the original AN1792 study findings reported by Gilman et al. 19 Robinson et al. 28 also note that the rate of decline over a 12-month period of the control group reported by Hock et al. 30 was exceptionally high (6.3 points on the MMSE), and that the results of the cognitive findings should therefore be interpreted cautiously. Furthermore, at the time of publication of their findings, the results presented by Hock et al. were still 'blinded'. Therefore, comparisons were made between (1) patients who either had or did not have an appreciable antibody titer, rather than between (2) patients who had been vaccinated with AN1792 or treated with placebo. The latter may be regarded as perhaps representing a fairer and more crucial comparison when evaluating the potential efficacy of AN1792 therapy; indeed, this may be considered a more general criticism of published studies in this field.
We have earlier suggested that detailed, standardized neuropsychological measures likely represent more sensitive measures of cognitive and functional change subsequent to AD immunotherapy, compared with subjective questionnaires and screening instruments. In this context, we have already noted that Hock et al. 30 reported reduced decline in antibody responders with respect to scores on the MMSE (a relatively crude, brief screening instrument). By contrast, as Robinson et al. 28 identify, in the full AN1792 trial patients received a more thorough neuropsychological and functional assessment, which included the ADAS-Cog and the CGIC. Robinson et al. 28 contend that the latter tests are more widely used as primary end points in pharmaceutical trials than the MMSE, and that it is therefore noteworthy that the patients with high Ab antibody titers investigated by Hock et al. 30 showed no significant differences on these neuropsychological and functional tasks compared with controls.
Seeking to characterize further the human antibody response to the pre-aggregated synthetic Ab1-42 preparation AN1792 vaccine (QS-21), Hock et al. 29 collected sera from patients with AD who received a primary injection of pre-aggregated Ab1-42 followed by one booster injection of the same agent. Antibodies that were identified in responsive patients' immune sera recognized Ab plaques, diffuse Ab deposits and vascular Ab in brain blood vessels. The antibodies did not cross-react with native full-length amyloid precursor protein (that is, the parent molecule to Ab) or its physiological derivatives, including soluble Ab1-42. On the basis of these findings, Hock et al. 29 argued, optimistically, that vaccination of AD patients with Ab1-42 induced the production of antibodies that have a high degree of selectivity for the histopathogenic feature of AD. However, whether these Ab antibodies halt or decelerate cognitive decline in AD remains an open question, as we have already considered.
Hock et al. 29 examined in further detail five patients from the AN1792 trials who had not displayed any adverse encephalitic symptoms. Two of these patients were reported to have detectable antibodies to Ab in their CSF. In both cases, the CSF titer was very low (1:50), even though these patients had high serum titers ( > 1:1000 and > 1:10 000) of antibodies to Ab. By contrast, one patient with meningoencephalitis had a high Ab antibody titer in their CSF ( > 1:1000), which was-in fact-higher than the titer found in that patient's serum (1:800). The presence of Ab antibodies in the CSF of meningoencephalitis patients is supported by Orgogozo et al., 21 who found that six out of eight patients tested had detectable levels of Ab antibody in their CSF, whereas baseline measures for all of these patients had been negative for these antibodies.
Hock et al. 30 further measured the concentrations of Ab peptide in the serum and CSF of 20 AD patients in the phase IIa trials of AN1792 who had acquired high antibody titers against Ab. These researchers found that Ab1-40 and Ab1-42 peptide levels in the CSF and serum remained stable across the 12-month period of their investigation. Furthermore, the levels of Ab1-40 and Ab1-42 peptide levels in the CSF and serum did not differ from those in 10 'control' patients who had either not been vaccinated with Ab, or had been vaccinated but had not acquired an elevated titer of antibodies in their serum. 30 It has been suggested by Robinson et al. 28 that these data indicate that AN1792 successfully elevated the titer of serum antibodies to Ab, but that-neverthelessthese antibodies did not successfully stimulate the removal of Ab plaques from the brains of these patients. Robinson et al. 28 further argue that this outcome is perhaps not unexpected in light of the insolubility of Ab plaques in humans. However, these findings contrast with the interpretation of their MRI findings by Fox et al., 23 discussed earlier, who suggested that the observed brain volume reductions that they observed in AN1792 antibody responders were because of amyloid removal both within brain parenchyma and within the CSF, together with possible cerebral fluid shifts.
It is to be hoped that the findings reported to date by Gilman et al. 19 and Fox et al. 23 will be extended in further, long-term studies of AN1792 and similar agents, especially given the somewhat unexpected MRI findings, the incidence of meningoencephalitis and the observation-at one of the follow-up study sites-of reduced decline on the MMSE in the Ab antibody titer group of AD patients with respect to performance on the MMSE 30 (notwithstanding that this was a psychometric instrument that was apparently insensitive to AN1792 intervention in the original comparison 19 ). However, analyses of data need to be standardized across studies with respect to key comparisons. This should help to clarify the impact of findings and reduce heterogeneity of neurocognitive outcomes across studies. Specifically, comparisons should be standardized in a clear, hypothesis-driven manner across centers participating in immunotherapy trials. As already noted, we favor a direct 'head to head' comparison between vaccinated patients and patients treated with placebo in evaluating the potential efficacy of immunotherapeutic agents, rather the application of a relatively arbitrary criterion for the definition of 'antibody responders' (such as that applied in the AN1792 trials).
Until recently, published data from the AN1792 were limited to short-term follow-up of patients who 
With respect to these findings, the presence of anti-Ab antibodies in patients after halting antigen injection several years earlier indicated a sustained response from the immune system. One possible mechanism for this could be the enhanced clearance of Ab from the CNS after immunotherapy into the periphery, where it may trigger an ongoing immune response. Alternatively, over this long time period the ongoing immune response to Ab could be present more widely, so as to recognize endogenous levels of the protein and overcome physiological tolerance to the presence of Ab in the AD brain.
More detailed long-term findings were reported in 2008 by Holmes et al., 33 who offered an important insight into the long-term effects that AN1792 treatment exerts on the immune response, Ab load and clinical and cognitive outcomes. In this review, the authors conducted a follow-up study from June 2003 to September 2006 on patients who had entered the phase 1 arm of the original AN1792 trial. Survival curves were constructed for all 80 participants in the trial. Post-mortem analysis was available on nine participants, all of whom were from the active treatment arm of the original study (one patient was subsequently excluded as this person were found to have progressive supranuclear palsy upon neuropathological examination). The authors noted that the degree of plaque removal and brain Ab load was variable among the eight cases available. However, the mean Ab load was reduced in immunized cases compared to nonimmunized controls. There was no observable relationship between AN1792 dose and Ab plaque removal or load. However, the degree of plaque removal varied in proportion to the mean antibody response generated over the treatment study period. One of the eight patients who were reviewed died suddenly 4 months after the study began, with a last recorded MMSE score of 16. The seven remaining patients manifested severe, end-stage dementia at the time of death. Interestingly, two of these patients had evidence of presumed extensive plaque removal in the cortex. There were no significant relationships between (1) AN1792 dose or (2) mean antibody response and (3) probability of survival (as assessed by time to death and hazard ratio). Likewise, there were no differences between placebo and active treatment groups in long-term survival outcomes or time to severe dementia, and no difference between groups on the outcome measures was assessed in the trial protocol, namely ADAS-Cog, MMSE or DAD.
To summarize, studies of active immunization have produced some evidence that, notwithstanding the caveats adumbrated earlier, AN1792 treatment may benefit elements of cognitive functioning in some patients with probable AD 19, 30 in the short term. However, the serious adverse side effects of meningoencephalitis in a percentage of patients mean that treatment with AN1792 cannot be considered a safe or tolerable treatment for AD at the present time. Similarly, the persistence over the longer term of AD symptoms in AN1792-treated patients suggests that plaque removal per se may not be sufficient in mid-tolate stages of disease pathogenesis to preserve cognitive and functional status. Interest in active immunization has not diminished, however. For example, the use of Ab fragments (Ab4-10) has been shown to be effective in inhibiting Ab aggregation and cytoxicity in an AD mouse model, without inducing an inflammatory response. 15 Such approaches warrant further investigation. Moreover, although the use of refined antigens and other Ab-related immunotherapeutic agents may have therapeutic potential, alternative immunization methods have also shown promising results in clinical trials. Specifically, a beneficial outcome has been demonstrated using a non-Ab immunotherapy: nasal vaccination has been attempted successfully using the agent glatiramer acetate, a compound that has been used to treat multiple sclerosis 34 (applied in combination with a proteosome-based adjuvant). This agent has been shown to reduce Ab plaques in an AD mouse model, without the inflammatory effects shown by Ab immunotherapies. 35 Such interventions may want further investigation in future human trials.
Agadjanyan et al. 36 argue that the adverse response to AN1792 culminating in meningoencephalitis, observed in some cases in the original AN1792 trials, 19 may have been caused by a T-cell-mediated autoimmune response. These researchers have developed a prototype epitope vaccine that contains the immunodominant B-cell epitope of Ab in tandem with the synthetic universal Th cell pan HLA DR epitope (pan HLA DR-binding peptide). This agent lacks the T-cell epitope of Ab, with the associated potential to avoid the adverse events that occurred in the first clinical trial of AN1792. Similar agents lacking T-cell epitopes were reported by Mandler and colleagues at the Alzheimer's Association International Conference in Alzheimer's Disease in Chicago in July 2008. Furthermore, Solomon 37 has suggested that the inclusion of an EFRH sequence within the immunogen-adjuvant may prevent T-cell autoimmune activation. In future, it may also be possible for the T-cell epitope found within Ab to be engineered out of potential immunotherapeutic preparations (thereby avoiding the generation of cross-reactive T cells). But less optimistically, it should be noted that in the original vaccination studies there was apparently no systematic association between the anti-Ab titers and the T-cell response.
Passive immunization
A complementary type of clinical trial is currently seeking to incorporate successful elements of active immunization trials, but without the adverse side effects. In this type of trial, participants receive injections of already prepared antibodies (IVIg), instead of an Ab preparation. IVIg is a purified human natural immunoglobulin preparation (with distinctive immune-modulating properties) that contains a collection of many antibodies, including natural human antibodies against Ab. The passive immunization approach has been motivated by findings in nonhumans that IVIg promotes clearance of Ab from the brain, 38 and that anti-Ab antibodies bind Ab and prevent oligomer formation. 39 In addition, it has been observed that AD patients have considerably fewer antibodies to Ab in their blood than non-AD controls. 40, 41 A pilot study conducted by Dodel et al. 42 reported that cognitive functioning was stabilized in five patients with AD who were treated with IVIg for 6 months. Relkin et al. 43 infused anti-Ab antibodies into AD patients at various frequencies (from once per week, to once per month). The findings of this phase I study indicated that the majority of treated patients showed better cognitive functioning (as evaluated by the MMSE) after 6 months of IVIg administration, suggesting that this treatment may slow, halt or even reverse progression of the disease. Relkin et al. 43 further commented that cognitive decline was arrested in all of their treated patients who had undergone psychometric testing. Specifically, the authors reported that over the 6 months of the study their patients improved on average 3 points on the MMSE. (By contrast, Relkin et al. 43 argue that AD patients would typically fall 1.5 points on the MMSE over the same time period if they were left untreated.)
Relkin et al. 43 reported that all of their patients tolerated IVIg well. They further noted that anti-Ab antibodies increased significantly in plasma in a dose-dependent manner after each IVIg infusion, and that these levels rose incrementally with successive treatments, consistent with an IVIg half-life of approximately 10 days. Follow-up in the study also included measurements of blood Ab levels. There was a significant increase in plasma levels of Ab after IVIg infusion, interpreted as indicating that the Ab peptide was being mobilized by the IVIg treatment (specifi-cally, the authors inferred that the infused anti-Ab antibody had bound to endogenous Ab, and was clearing Ab from the CSF to the plasma).
In addition to reporting changes in the blood, these researchers 43 reported that anti-Ab antibodies were detected (and the level of Ab decreased) in the CSF of the patients subsequent to IVIg treatment. These findings were interpreted as a possible sign that the administered IVIg antibodies had crossed the bloodbrain barrier, and were inducing a decrease in Ab concentration in the brain. (It is thought that elements of IVIg bind to Ab, making it more difficult for this protein to aggregate in the CNS.) Indeed, it has been shown that IgG-Ab complexes have higher permeability at the blood-brain barrier than IgG alone, 44 suggesting that facilitation by a receptor-mediated transport mechanism indeed occurs. Recently, an IgM antibody has been produced that can be transported out across the blood-brain barrier and reverse cognitive deficits in mice. 45 Additional results using passive immunotherapy in human trials have subsequently been reported by Relkin and colleagues. [46] [47] [48] [49] However, because these studies involved a relatively small number of AD patients, at this stage treatment with IVIg is promising but requires validation. In addition to replicating the findings obtained to date using passive immunotherapy in a larger group of patients, in future researchers will also need to determine definitively whether IVIg infusion impacts on the concentration of Ab in the brain. Furthermore, neurocognitive functioning after passive immunotherapy has, to date, been evaluated by means of a relatively crude and cognitively nonspecific instrument (the MMSE), 43 supplemented by anecdotal reports (such as whether patients are able to narrate stories and socialize). Future studies should also use more specific, objective markers of neurocognitive capacity, notably measures of delayed episodic memory (which has been shown to be the most sensitive cognitive marker of decline in the early stages of AD). In addition, in the follow-up open-label study reported by Relkin and colleagues at the International Conference on Alzheimer's Disease and Related Disorders in Madrid in July 2006, 46 it was noted that resumption of treatment with IVIg resulted in decreased plasma Ab. The authors express uncertainty regarding the mechanisms underlying this subsequent effect, but suggest that this phenomenon bears further study in a larger set of AD patients treated chronically and continuously with IVIg.
Although both passive and active immunization therapies may act through similar mechanisms, a benefit of passive immunization is that it uses an existing plasma product (IVIg) with current Food and Drug Administration approval that (1) has been utilized with good clinical tolerability for several decades, (2) has been used effectively in the treatment of hundreds of thousands of patients suffering from a range of immune-deficiency and auto-immune conditions and (3) has an established safety record (thereby reducing the time and risks associated with developing and testing novel treatments for AD). In addition, passive immunization is attractive because of the greater therapeutic control over anti-Ab titers, and the potential to rapidly terminate the treatment if adverse events occur. On the basis of previous results, larger scale phase II and phase III clinical trials are currently underway or planned to determine optimal dosing of IVIg in AD.
However, some research conducted in laboratory mice has suggested that IVIg immunotherapy might lead to increased congophilic angiopathy and vascular leakage. 50 Furthermore, even if IVIg were to be approved by regulatory bodies as an effective therapy in AD, there is currently not enough IVIg available to treat all AD patients. The drug is produced in limited quantities, and prescription of this agent costs around US$3000-7000 per month. A further potential criticism of IVIg is that it represents a less sophisticated and less targeted approach compared to (1) the more specific active immunization methodology, or (2) the administration of humanized antibodies directed specifically against Ab epitopes.
However, Relkin and colleagues have suggested that there are multiple types of antibodies in IVIg against the amyloid molecule. Consistent with his notion, it has been argued by Istrin et al. 38 that IVIg interferes by more than one mechanism in clearing Ab from the brains of Alzheimer's patients. It may be possible in future to filter out the specific antiamyloid antibodies from the pool of antibodies within IVIg, creating a potentially more focused and powerful treatment. Studies are currently underway to determine which available immunoglobulin products contain the highest possible levels of anti-Ab1-42 antibodies. 51 Furthermore, it has been suggested that IVIg may attach to both the soluble and insoluble forms of Ab (driving Ab out to the periphery, where it may be cleared). Passive immunization may target both the N-terminal and central region epitopes of Ab, whereas it may be possible to fine-tune active immunization, such that it targets only the former. (Indeed this has been attempted with active agents such as CAD106, developed by the Novartis Institutes for Biomedical Research.) Heppner et al. 20 argue that 'more fine-tuning in guiding the immune response is needed to circumvent detrimental side effects' in AD, and have suggested that focused N-terminal treatments may be less likely to elicit detrimental outcomes involving cytotoxic T-cell responses. However, it is noteworthy that, to date, adverse treatment side effects have been identified in studies using active immunization treatment rather than subsequent to passive immunization. With respect to its proposed mechanism of action, nonhuman research has indicated that passive immunization may work effectively to reduce amyloid toxicity. 52 Furthermore, passive immunization may operate in conjunction with endogenous mechanisms, specifically related to a shift in microglial phenotype. 53 Indeed, the effects of IVIg on the clearance of Ab by microglia cells have been demonstrated in cellular models. 38 On the basis of other findings, 54, 55 it has been suggested that human monoclonal antibodies (resembling physiologically normal nonpathogenic and possibly protective antibodies in healthy adults) might be attractive candidates for immune therapy in AD, perhaps used in combination with IVIg. In animal models, passive immunization used in conjunction with monoclonal antibodies has demonstrated significant improvements in spatial learning and memory in mice. 56 Further, it is likely that epitope-specific monoclonal anti-Ab antibodies would have advantages over IVIg antibodies in enhancing effects on Ab load. There may be some further advantages to the use of modified fragments of monoclonal antibodies (i.e., excluding the Fc portion, but retaining the F(ab') 2 component) that have been shown to bind Ab plaques. 57 These modified fragments have advantages over whole IgG molecules, which include (1) increased permeability at the blood-brain barrier (thus potentially increasing clearance of Ab out from the CNS), and (2) minimizing the inflammatory response and associated hemorrhage. Further, recent evidence suggests that monoclonal antibodies can be developed to specifically target neurotoxic Ab oligomers and not Ab monomers, 58 with significant potential for future methods of passive immunotherapy. Taken together, it is anticipated that these features of monoclonal antibody therapies are likely to enhance the clearance/degradation of Ab from the AD brain. In addition, other therapeutic antibodies such as the monoclonal antibody m266 are currently being investigated as possible agents for passive immunotherapy in AD, 59 whereas catalytic immunoglobulins (such as IgV L ) are thought to offer particular promise because multiple molecules of Ab can be inactivated by each catalytic immunoglobulin molecule.
The 
Conclusions
As stated by Morgan, 60 the attitudes toward immunotherapy for the treatment of AD have followed something of a roller coaster ride. Initial interest in the potential of this treatment was substantially tempered by the adverse outcomes in the initial clinical trials. 19 However, as discussed in this article, active and passive immunotherapeutic approaches are currently being pursued to try to address some of the negative outcomes that have been previously associated with immunization treatments in AD.
At the present time, it would appear that immunization does offer some potential as a technique for the treatment (and even prevention) of AD. However, future studies are needed to tackle key outstanding issues. For example, effective vaccines need to minimize T-cell responses and provide greater benefits for cognition than those agents that have been tested so far. Robinson et al. 28 have further suggested that the most important lesson to be learned from the AN1792 clinical trials that have been conducted to date is that new strategies for treating AD should not be tested on humans until they have been tested on non-murine animal species, such as primates. These authors further argue that extant findings using AN1792 illustrate how little we truly understand about the interrelationships between Ab antibodies, AD and meningoencephalitis, and that-although this situation persists-it would be imprudent to undertake further human trials using active immunization. These authors further argue that even passive immunization has risks for humans, and it should be performed with utmost caution only after extensive testing on animals. 61 In essence, Robinson et al. 28 argue that the pathophysiology of AD is characterized by much more than accumulation of Ab in the brain, and it is therefore unlikely that the prevention and/or clearance of Ab deposition by immunotherapy will offer an effective treatment for the disease. Overall, although acknowledging that there are several important caveats, we are a little more sanguine than Robinson et al. 28 regarding the future potential of immunotherapy in AD. We believe that our incremental understanding of the pathophysiological basis of AD will lead to safer forms of immunotherapy. Further, we regard current antiamyloid methodologies as hopeful but not yet conclusive. Specifically, subsequent neuropathological examinations from the immunotherapy trials conducted to date have indicated that there were decreased deposits of Ab in individuals who were immunized with AN1792. 24, 25 Furthermore, some positive cognitive and functional outcomes were additionally reported in both the original and follow-up active immunotherapy studies, and after treatment with passive immunization. 19, 23, 30, 43 Moreover, it has been suggested that the placebo-treated AD patients in the AN1792 studies did not decline functionally (as would normally be expected) over the course of the trial, such that it was thereby more difficult to demonstrate a significant, beneficial effect of AN1792 treatment. In addition, it may have been problematic to recruit unequivocally diagnosed AD cases for the original AN1792 clinical trials. In this context, those positive outcomes of the clinical trials that were obtained may offer some proof of concept regarding the potential value of immunotherapy. Future laboratory studies may also reveal the source of the pathogenesis underlying the meningoencephalitis that arose in some patients who participated in the AN1792 active immunization trials.
As outlined by Nitsch at the Alzheimer's Association International Conference in Alzheimer's Disease in Chicago in July 2008, other immunotherapy studies in humans and animals have indicated improved neurite and synapse morphology, reduced astrocytosis and restored neural functions (including long-term potentiation and behavior). There is also the potential in future of stimulating innate immunity in AD patients by Toll-like receptors. However, future caution is warranted, with outstanding challenges for immunotherapy including autoimmune disease, brain inflammation, microhemorhage, increased amyloid angiopathy, remaining neurofibrillary tangles, reductions in brain volume, and problems with blood-brain barrier passage of antibodies and with the precise molecular definition of the therapeutic target. Specifically, it has been suggested that oligomeric and fibrillar forms of Ab may manifest different susceptibilities to antibody treatment. 62 Further, some nonhuman studies have indicated that anti-Ab antibodies may preferentially clear small Ab aggregates associated with cognitive dysfunction, but this effect may not be necessarily associated with lowering the overall Ab load in the brain. 20 Moreover, it is also possible that in different subgroups of AD patients the ratio of excess Ab deposition vs increased neuro inflammation varies, and, therefore, vaccine therapy may be effective for some subgroups of AD patients but not for other subgroups. This consideration, in turn, impacts upon the issue of patient sample size in future vaccine trials, and better definition of patient subgroups. Related to this last point, in addition to immunotherapy, other forms of treatment may be appropriate in AD, and 'one size will not necessarily fit all' with respect to the treatment of different patients. Therefore, immunotherapy may not be a universal treatment. In future, larger trials that systematically investigate patient subgroups may offer more definitive outcomes. Finally, immunotherapy might be most beneficial in concert with other therapies, for example, anti-inflammation drugs and/ or diabetes drugs aimed at reducing the inflammatory effects of Ab.
There have been some suggestions that 'nano bodies' (generated by other species), which represent a simpler form of antibody than humans produce, could be used to treat diseases such as AD by passive immunotherapy. 63, 64 It has been noted that nanobodies are much less complex than human antibodies, so it may be easier to derive smaller fragments that could then be used effectively in AD treatment. It appears that the small size of nanobodies may permit them to access brain tissue more effectively than would be the case for conventional therapies. Furthermore, the nanobody methodology may be able to combine multiple functions into the same molecule, whereas comparison of different nanobodies may yield insight into whether enhancing the capacity of distinct immunotherapeutics to cross the blood-brain barrier results in increased clinical efficacy in AD.
Another important consideration concerns the relationship between nonhuman research findings and potential clinical application in humans. In animal models, both soluble forms of Ab and fibrillar plaques are implicated in cognitive impairment. However, the characteristic pathophysiology identified in patients with AD is somewhat different and more diverse. Specifically, in addition to Ab-related pathological changes, intraneuronal neurofibrillary lesions and significant neuronal and synaptic losses occur even in patients with the earliest symptoms of AD. In addition, as noted earlier, animal models do not mimic AD with respect to issues pertaining to amyloid clearance, as vaccination of nonhuman animals removes induced amyloid deposits whereas vaccination in humans targets naturally occurring amyloid. It remains an open question whether the vaccination approach will be able to tackle effectively the range of pathological processes evident in the brain of human AD patients, and repair already damaged neural systems. Perhaps the vaccine will halt progression of neurodegeneration in human AD patients, and subsequently brain plasticity mechanisms will allow some recovery of function.
Other therapeutic Ab vaccination strategies that are currently being pursued include immunoconjugates and monoclonal antibodies, although amplicon vectors derived from agents such as the herpes simplex virus 65 and direct genetic therapies have also been suggested as suitable methods for the treatment of AD. Moreover, it is possible that active and passive immunization approaches may be synergistic, and thereby could be used effectively in tandem. Finally, it may be the case that therapeutic anti-amyloid trials may be most revealing in early onset, familial AD carriers who already have amyloid pathology but no symptoms (with PIB-PET amyloid imaging undertaken before and after treatment).
With respect to Ab, although the vaccination studies conducted to date have demonstrated a role for immune and inflammatory cells in clearing this protein, it still remains to be determined whether the central mechanism involves promoting degradation of Ab, increased clearance of Ab from the brain/CSF, or a combination of both of these mechanisms. McGeer and McGeer 66 have argued that vaccination with Ab in AD patients will increase complement activation through formation of antigen-antibody complexes. In transgenic mice, these authors suggest that this process will enhance phagocytosis. But in AD patients, where complement is already overactivated, and where the senile plaques are relatively insoluble, McGeer and McGeer have argued that this stimulation should increase production of the membrane attack complex, thereby actually increasing the autodestruction of neurons in AD. Furthermore, in the postmortem tissue available to date (and from active immunization attempts in transgenic animal models), immunization was associated with a lower Ab plaque load in some brain regions; however, the persistence of amyloid that has been observed in cerebral blood vessels in patients [24] [25] [26] is puzzling and may relate to plaque removal and presumed re-solublization of Ab.
There are other outstanding clinical and ethical questions. Specifically, the issue of determining necessary and sufficient signs for treatment is a key issue for ongoing clinical trials, given the potential toxic side effects of some of the immunotherapy agents that are currently being tested. So, even if a vaccine is effective in patients, will it be safe? Or will autoimmune issues always plague this approach, given that one is seeking to direct the body's immune system against an endogenous human protein? And what is a tolerable level of safety for such treatment regimes? For instance, the release of recent results from the phase II trial of É lan-Wyeth's passive vaccine, bapineuzumab, in July 2008 at the Alzheimer's Association International Conference in Alzheimer's Disease in Chicago indicated that some participants (the majority of whom were APOEe4 carriers) receiving active treatment experienced vasogenic edema. Should it be at the discretion of an individual who is manifesting early stage symptoms of AD (and who will likely progress to profound dementia over the next several years) to choose to take the risk of potentially serious side effects concomitant with immunotherapy? (Most of the clinical trial participants who presented with encephalitis after the original AN1792 study recovered, but one third of these patients currently remain chronically impaired.) And how should one define and apply the concept of informed consent to treatment in such a context (an especially germane issue in a condition such as AD, where cognitive functioning, judgment and the capacity to give consent become compromised during the course of the disease)? If immunotherapy is shown to be both effective and safe (within tolerable limits), when should a physician choose to treat, given that current clinical methods for identifying individuals at high risk of developing AD are imperfect? 67 Further, in light of the data from the bapineuzumab phase II trial, should clinical best practice be stratified on the basis of APOEe4 possession?
To conclude, future clinical studies using immunotherapy are needed to tackle key outstanding issues. These include (1) the need to demonstrate efficacy of Ab vaccination in humans as well as in animal models (especially with respect to the issues of TAPIR, and regarding potentially toxic side effects of immunotherapy in humans), (2) the use of appropriate control comparisons and (3) fine-tuning in safely guiding the immune response. The vaccination methodology does appear to offer substantial current promise for clearing brain amyloid in AD patients-but is this sufficient for it to become, potentially, the first choice among future amyloidreducing treatment options? Moreover, the issue of determining the critical internationally agreed signs for clinical efficacy remains an additional issue for future immunization trials. New studies are seeking to use safer vaccines that do not result in toxicity and neuroinflammation. But it remains an open question whether the immunization approach will help to repair already damaged neural systems in AD.
A vaccine that is safely able to clear amyloid plaques in the brains of AD patients would offer a valuable avenue in the search for a solution to the disease: not only would it offer us potentially more effective clinical therapies, but it would also enable us to determine whether the accumulation of Ab in the brain in AD is a key causal feature of the disease, or a functionally less significant consequence. These are both key goals in the search to find an effective treatment (and possible cure) for AD. If future clinical trials continue successfully to completion, they are therefore likely to offer both the first, direct therapeutic evaluations of the amyloid hypothesis in AD patients, and potentially the first clinically effective treatment of the disease.
